Glycogen utilization in working and nonworking ventricles was studied at high (over 70 mg/100 ml) and low (27 to 61 mg/100 ml) arterial glucose concentrations and after insulin or epinephrine addition in 16 isolated ventricle preparations of dog hearts. Coronary perfusion and hemodynamic determinants of right ventricular work were controlled, and the left ventricle was kept unloaded. Time courses of change in ventricular glycogen concentration were determined during monitoring of heart rate, workload, arterial oxygen saturation, and coronary perfusion pressure. Epicardial samples for glycogen analysis were taken from each ventricle, and glucose uptake from circulating blood was determined. Glycogen loss was greater in working right than in nonworking left ventricles. In spontaneously fibrillating hearts, this difference was not observed, and there was greater glycogenolysis than during coordinated contraction. Insulin administration early in-experiments-led-to equivalent glycogen loss in working right and nonworking left ventricles. There was glycogen preservation in both ventricles of fibrillating hearts. Epinephrine augmented glycogen loss in fibrillating hearts; depletion was never complete. Myocardial glucose uptake, corrected for red cell glycolysis, was proportional to initial arterial glucose concentration.
permitted simultaneous comparison between a working right ventricle that was pumping blood and a nonworking left ventricle that was merely contracting in the same dog heart. The metabolic pattern of glycogen was studied also in the fibrillating heart and, in another study (1) , in the Langendorff preparation in which both ventricles were contracting.
Glycogen concentration in each ventricle was determined in subepicardial tissue samples removed at intervals during experiments lasting 90 min. Throughout each experiment, the hearts were perfused via the coronary arteries with oxygenated whole blood or a partly synthetic medium at constant perfusion pressure, and the physiologic performance of the working right ventricle was monitored.
464

JEDEIKIN, BUCKLEY
Insulin was added to the perfusate to test its effect on glycogen stability. The effects of epinephrine in a group of spontaneously fibrillating hearts were also studied.
Methods
Data from 16 of the most complete experiments are given. Ten experiments were on isolated dog hearts in which the right ventricle was working against a load and the left ventricle was kept empty but contracting; 6 experiments were on spontaneously fibrillating hearts. Dogs weighing 6 to 15 kg were anesthetized with sodium pentobarbital (30 mg/kg iv). Isolated ventricle preparations were made and physiologic performance evaluated as previously described (2) .
The determinants of right ventricular stroke work were controlled as follows. Hydrostatic pressure for filling the ventricle was maintained by a collapsible fluid reservoir immersed in a water bath. Heart rate was kept constant by regulating bath temperature to within 0.5°C. Pulmonary artery pressure was adjusted to maintain afterload by changing the air pressure in a Starling peripheral resistance unit placed in the ventricular outflow circuit. Right ventricular output was measured by timed collection of blood from the open end of this circuit and returned to the fluid reservoir by an Aminco pump. Pulmonary arterial and right ventricular pressures were registered by Statham P23Db transducers and recorded together with the electrocardiogram on an Electronics for Medicine recorder.
The coronary circulation was perfused from a gas bottle oxygenator attached to a cannula in the brachiocephalic artery, back-perfusing the aortic conus at controllable pressure, as previously described (2) . The oxygenator was constructed from a 1-liter Mariotte bottle attached to an oxygen tank for delivery of 100% O 2 under pressure. At the bottom of the bottle was a sidearm outlet for delivery of blood to the perfusion cannula. The perfusion pressure remained constant during each experiment. It was independent of blood level but ranged from 68 to 102 mm Hg in different experiments. The pressure available for coronary perfusion was measured at the oxygenator bottle, which was at the level of the heart; the coronary artery pressure was measured at the tip of the cannula in the aortic conus.
Glycogen concentration in the right and left ventricles was determined at intervals in thin subepicardial tissue strips. Samples were taken just after physiological measurements to minimize interference with the latter. The samples were rapidly trimmed to the same thickness before analysis because of the large gradient for glycogen concentration across the walls of the ventricles (3) . Glycogen was purified by precipitation with sodium sulfate and ethanol, and the concentration per unit wet weight of tissue was determined colorimetrically by the anthrone method of Seifter et al. (4) . The glycogen values are expressed as percent of the concentration found in the initial sample removed at the time of completion of the isolated right ventricle preparation. A certain amount of variability in glycogen values was to be expected in these experiments because it was necessary for samples to be removed from different regions of the heart and it is known that there is a 30% variation in concentration from base to apex (3, 5) . To estimate the variability of die glycogen concentration in a time-course study, duplicate randomly located samples were taken at the end of a group of experiments. The average difference between these paired values in 20 samples from different experiments was 3.7%. In 18 of the 20 duplicates, the difference was less than 5.9%; in only 2 was the difference as great as 9.3%. Therefore, the observed patterns of change in glycogen concentration of the ventricles with time are considered to be valid.
To be certain that there was no anoxia during preparation of the isolated right ventricle, in 5 experiments tissue samples were removed for glycogen analysis when the chest was first opened and compared with samples taken just after the perfusion had been started. There was no detectable glycogen loss, indicating that there was no period of anoxia. There was a little bleeding after the removal of tissue samples, but it did not affect coronary blood flow or contractility of the heart.
A partially synthetic medium was first developed for perfusing the heart. Initially, a synthetic medium of Feigen's solution (6) containing 3.5% polyvinylpyrrolidone (PVP) was used. To insure adequate oxygenation of the heart, washed red cells from blood drawn 24 hours earlier were added to give a hematocrit of 50%. This medium almost always caused ventricular fibrillation early in the experiment, possibly because of the high sedimentation rate of cells suspended in the PVP medium or the altered viscosity. A mixture of equal parts of whole blood and the synthetic medium with added red cells was more suitable. It was then possible to keep a preparation functioning for 2 hours.
At the same time that tissue specimens were taken for glycogen analysis, blood samples were collected anaerobically for oxygen and glucose determinations. Arterial samples were obtained from the coronary perfusion cannula and venous samples from the coronary sinus drainage. To be certain that there was adequate oxygenation of the arterial blood, oxygen saturation was determined by the spectrophotometric method of Nahas (7) , and the values were converted to volumes percent after calibration by the Van Slyke manometric technic. The arterial oxygen content was generally above 17.6 vol%. pH determinations were made at the beginning and end of some experiments, and the change never exceeded 0.2 of a pH unit. To determine glucose uptake, arterial glucose concentration was determined enzymatically by the glucose oxidase method of Huggett and Nixon (8) . To correct total blood glucose removed by the heart for the amount glycolyzed by red cells, a portion of the blood that had perfused the heart only once was removed from the reservoir and kept in a water bath maintained at the same temperature as the blood perfusing the heart. Aliquots were removed for glucose analysis at the same time intervals as for the other samples.
Changes in the rate of glycogen depletion following the addition of insulin 1 or epinephrine 2 were studied in an additional group of otherwise similar experiments and in a group of spontaneously fibrillating hearts. (For details, see Results.) Solutions of either insulin or epinephrine were always added to the blood in the reservoir where there was a known maximum volume so that the hormones reached the heart in the known initial concentrations.
Results
WORKING AND NONWORKING VENTRICLES
Concurrent concentrations of glycogen in working right ventricles and nonvvorking left ventricles were compared. The coronary perfusate contained glucose in high concentration; glucose in low concentration (with the use of 4-day-old blood); or glucose in high concentration with added insulin. Data from representative experiments of each group are presented. The values for right ventricular stroke work and contractility were in the range of those previously reported for this type of preparation (2) .
High Blood Glucose Concentration.-In 3 experiments in which the perfusion medium contained a high glucose concentration (over 70 mg/100 ml), some decrease in glycogen concentration occurred during the 80-to 100min course of the experiments, even though there was glucose uptake by the heart through- out the experiments. Arterial oxygen content ranged from 17 to 20 vo]%, and venous oxygen content varied with arterial content and fell toward the end of the experiments. There was much inherent individual variation in physiological activity. There was also some variation in the time at which glycogen depletion began and the extent to which it had proceeded by the end of an experiment. Figure 1 shows that the rate of glycogen decrease of the working right ventricle was greater than that of the nonworking left ventricle. for several days. Most of the glucose was then assumed to have been glycolyzed to lactate by the red cells (9) . The initial glucose values ranged from 27 to 619>, and the lactate available for the energy requirements of the heart was presumably relatively high. Glycogen decrease in working right (dots) and nonworking left (circles) ventricles as a function of time in hearts perfused with whole blood with low glucose concentrations. In A, the arterial glucose concentration decreased from 60 to 46 mg/100 ml. Arterial oxygen content was 18 to 20 col%. In B, glucose concentration decreased from 27 to 20 mg/100 ml. Arterial oxygen content was 18 to 20 vo&. In C, glucose concentration decreased from 41 to 31 mg/100 ml. Arterial oxygen content was 14 to 19 vol%. In D, arterial glucose concentration decreased from 61 to 35 mg/100 ml. Arterial oxygen content was 20 vot%. tissue per min in the nonworking left ventricles. With this medium, there was greater glycogen depletion than with the medium containing high glucose.
In Figures 1 and 2 , glycogen concentration was plotted against time. The slopes and intercepts of the lines were calculated by the method of least squares. The regression coefficients for right and left ventricles were compared by the f-test, as shown in Table 1 . It will be seen that the slope for the right ventricle is significantly lower than that for the left ventricle in each experiment except 56.
High Blood Glucose plus Insulin-The effect of insulin on glycogen content of the ventricles depended on the time and mode of addition of the hormone. Figure 3 shows that if large doses of insulin were added to the blood reservoir late in the experiment (nos. 49 and 50) there was no definite effect on the pattern of glycogen loss. At 100 min, glycogen concentrations were 54% and 42% of the initial value in the right ventricles, and 94% and 62% in the left ventricles. When insulin was added in increasing doses starting early in the experiment (no. 52), there was no greater glycogen loss in the working than in the nonworking ventricle throughout the experiment, indicating glycogen preservation in the right ventricle. The lack of a more pronounced effect of insulin might be due to the fact that glycogen was not lost extensively when insulin was not added to the perfusate (Fig. 1 ). Therefore insulin was added under conditions in which glycogen depletion was more markedduring spontaneous ventricular fibrillation.
FIBRILLATING HEARTS
In 6 experiments on spontaneously fibrillating hearts, the effects on glycogen concentration of ventricular fibrillation were studied with or without insulin and epinephrine. Values for perfusion pressure were in the same range as in the experiments on nonfibrillating hearts. Blood glucose levels were high (95-195 mg/100 ml). Arterial oxygen content was 17 to 20 vol*. Coronary venous oxygen content fell to lower levels during fibrillation, indicating that cardiac oxygen consumption had increased.
Experiments without Addition of Hormone. -As seen in experiment 54 ( Fig. 4 ) and experiment 45 (Fig. 5 ), for the first 75 min, ventricular fibrillation was accompanied by marked glycogen depletion in both ventricles. The glycogen remaining in fibrillating hearts after perfusion for 75 to 100 min with medium containing high glucose concentrations was 32 to 52* of the initial glycogen content for right ventricles and 40 to 60$ of the initial glycogen content for left ventricles. During the course of the experiments, there was at least as much glycogen loss in the left ventricles as in the right, in contrast to the pattern in the working right ventricle preparations (Fig. 1) .
Ventricular Fibrillation in the Presence of Added Insulin.-Early addition of graded doses of insulin to the fibrillating heart in one experiment (51, Fig. 4 ) resulted in marked glycogen preservation. Even at 90 min, 78 to 88% of the initial glycogen concentration still remained.
Ventricular Fibrillation in the Presence of Added Epinephrine.- Figure 5 shows the effect of epinephrine on glycogen content in the fibrillating heart. In the presence of epinephrine, there was a much greater rate of glycogen loss than during fibrillation alone. In experiments 48 and 53, at the end of 90 min, 12 to 24* of the initial glycogen remained in right ventricles, and 11 to 40* in left ventricles. Between 90 and 125 min, there was no further loss of glycogen in experiment 48. When experiments were carried out for 3 hours, there was never complete glycogen depletion (46 in Fig. 5 , and in 5 other experiments not illustrated). The smallest glycogen level observed was 1.5 ^.g glycogen/mg tissue (wet weight), or 15* of the initial concentration. In Figure 5 , experiments 45,46, and 48 show the leveling off in glycogen concentration when very low levels are reached, regardless of the duration of the experiment.
GLUCOSE UPTAKE BY THE HEART
Glucose utilization by the heart was estimated at the different levels of concentration used for perfusion from the difference between arterial glucose concentrations at 0 and 120 min. A relatively large percentage of glucose was glycolyzed by the red cells (range, 5 to 5956 of the initial amount). This, of course, complicates estimation of glucose uptake by the heart itself. Estimation of glucose utilization by the heart is further complicated by the fact that lactate formed during red cell glycolysis is readily utilized by the myocardium (10) , so that consumption of glucose by red cells does not decrease the quantity of substrate available for utilization by the heart. Despite this, there was a good correlation between initial arterial glucose concentration and glucose uptake corrected for red cell glycolysis at the end of 120 min. Figure 6 shows data from all experiments that were carried Relation of glucose uptake by the heart during 120 min to initial glucose concentration (mg/100 ml) in the 12 experiments in which hearts were perfused for 120 min. Uptake is expressed as initial minus final arterial glucose concentration in the perfusate less the concentration of glucose glycolyzed by red cells during that time. Each point represents a separate experiment designated by number. 54 = fibrillation alone (see Fig. 4 ); 49 and 50 = working right ventricle, nonworking left ventricle, plus insulin (see Fig. 3 ); 47 = fibrillation in 1 hour, epinephrine at 75 min; 46 = fibrillation alone (see Fig. 5 ); 45 and 53 = fibrillation plus epinephrine (see Fig. 5 ); 43 = working right ventricle, nonworking left ventricle (see Fig. 1 ); 39 and 42 = working right ventricle, nonworking left ventricle (see Fig. 2 ).
out for 120 min. At an arterial glucose concentration of 100 mg/100 ml, the uptake by the heart was about 8 yumole/g wet wt. per hour.
Diicussion
The greater loss of glycogen in working right ventricles than in adjacent nonworking left ventricles suggests that during work the exogenous supply of energy-yielding substrates might be supplemented to an unknown extent by the glycogen stores even in the absence of hypoxemia or hypoglycemia. However, the degree to which cardiac glycogen contributes to the energy needs in relation to other substrates has not been established.
Since cardiac muscle has minimal amounts of glucose-6-phosphatase (11) , any disappearance of glycogen must be accompanied by energy production through breakdown of glucose derivatives, and there would be no formation of free glucose. Although stroke work and contractility varied widely in different hearts, in our experiments, the fractional loss of glycogen was remarkably the same from heart to heart. Even in hearts perfused with aged blood with low glucose concentration due to red cell glycolysis, a similar pattern was observed.
Some earlier investigators have attempted to correlate utilization of cardiac glycogen with cardiac work. Bloom (12) reported extensive glycogenolysis in whole, in-situ hearts of rats exposed to asphyxia and a lesser loss in anoxic excised hearts not working but contracting in saline; surprisingly, he found no glycogenolysis in excised hearts contracting in room air or in a pure nitrogen atmosphere. Blount and Meyer (13) observed significant cardiac glycogen depletion in normal rats that had been swimming for 15 min. No greater loss resulted from longer periods of swimming. Jedeikin (3) found that glycogen concentration decreased in rabbit Langendorff preparations perfused with glucose-free Ringer's solution in proportion to the duration of the experiment.
In our experiments, ventricular work and spontaneous ventricular fibrillation were each associated with more extensive glycogen loss CircnUtion Rutrcb, Vol. XX, M*y 1967 than was the coordinated contraction of an unloaded ventricle. When both ventricles were functioning equivalently, glycogen loss was similar in both. This was true in the series of fibrillating hearts reported here and in more recent experiments in the dog Langendorff preparation (1) .
There is some experimental evidence that the energy requirements of fibrillating hearts might be somewhere between those of working and nonworking hearts. The occurrence of ventricular fibrillation in working hearts of dogs results in decreased oxygen consumption as well as decreased coronary flow (14) . In contrast, both oxygen consumption and coronary flow increase when fibrillation occurs in nonworking hearts of dogs (15) .
Our data indicate that there is greater glycogen depletion during fibrillation for 90 to 120 min than during contraction. We can speculate that the uncoordinated contractions of the heart during fibrillation result in spatially and temporally irregular compression of coronary vessels, which could impede coronary flow and transport of substrates such as oxygen and glucose to different regions of the heart at various times. The resulting hypoxia would locally increase utilization of glycogen as an energy source. Although there are gradients of coronary flow and tissue oxygen tension throughout the walls of the ventricles during the normal cardiac cycle (16) which parallel the glycogen gradient (3), there has been no comparable study of the regional distribution of coronary flow during ventricular fibrillation.
Continuous epinephrine infusion in dog heart-lung preparations decreases the glycogen content of the entire ventricular myocardium whether or not the blood glucose or lactate concentration is high (17) . In our experiments on spontaneously fibrillating hearts perfused with medium containing high glucose concentrations, administration of epinephrine led to greater depletion of cardiac glycogen than occurred without epinephrine. Coronary venous oxygen content tended to diminish in response to epinephrine. If epinephrine further stimulates the random movements of CircmUtioH Ktsurcb, Vol. XX, M*y 1967 fibrillation, it might lead to increased glycogenolysis due to increased energy requirements, a further constriction of vessels with resultant greater hypoxia of the tissues, or both. Although cardiac glycogen was decreased further by the addition of epinephrine during fibrillation, glycogen stores were never entirely depleted. Similar observations were made with the rabbit Langendorff preparation perfused with substrate-free medium (3) . This suggests that the heart contains a small, stable glycogen fraction which is not hydrolyzed.
Insulin increases glucose uptake by the perfused normal rat heart (18) and promotes glycogen synthesis in perfused hearts taken from alloxan-diabetic rats (19) . The sparing action of insulin on glycogen stores of the hearts in our experiments could be accounted for by increased uptake of glucose from the perfusate. In the presence of insulin, glycogen content of the fibrillating heart remained high throughout the experiment. This indicates that insulin has the same effect on the fibrillating as on the normal heart.
